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Using a thermal wave imaging system we have been able to detect and 
identify a variety of microscopic defects commonly found in fine metal Al 
connector lines used in the IC industry. The defects of interest are 
hillocks, surface and subsurface Si and Cu precipitates and subsurface 
voids and notches. Defects as small as 0.1 ~m have been detected. This 
thermal wave imaging system has also been used to detect subsurface defects 
in Al and W metal contact plugs. 
As metal linewidths on VLSI and ULSI wafers enter the submicron 
domain, thermo-mechanical, stress-induced defects have become an increasing 
source of concern. The reliability of advanced metalization systems 
requires better fundamental understanding of stress-induced aluminum 
migration[l]. This will call for a knowledge of its dependence on device 
parameters and the interrelationship with electromigration. 
The need to easily extract thermomechanical stress information from a 
sample begins during submicron process development and extends throughout 
product application. During processing steps, aluminum films are cycled 
between states of high tensile and high compressive stress. This is caused 
by the thermal expansion mismatch between aluminum and surrounding 
materials, such as Si and Si02 . 
In field applications, Al films on completed products are generally 
under tensile stress, modulated by on-off cycling. In response, aluminum 
atoms migrate away from regions of high tensile stress, leaving behind Al 
vacancies. Clustering of these vacancies eventually generates micro-voids 
and cracks in the aluminum. Over time, this causes high resistance or 
consequent device failure as lines become eroded or opened by voids or 
cracks. Even inactive ICs in storage can develop these conditions[2]. 
Stress-induced voids will exacerbate electromigration and vice versa. 
Local hot spots, due to current crowding, enable Al to migrate more freely 
in response to mechanical stress. 
Adding Cu or Ti, using non-aluminum interlayers and reducing 
passivation stress are some of the process methods used to reduce or delay 
voiding. But the complex relationship between a specific solution and 
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other related phenomena makes the selection or modification of a 
metalization system costly and time consuming. Some of these troublesome 
and interrelated conditions include: Si and eu precipitation, hillock 
formation, variations in stress arising from day-to-day process differences 
and corrosion. 
One limitation to understanding stress- and electromigration-induced 
defects has been the tools available to quickly and conveniently observe 
voids, notches and similar defects. Optical microscopy has marginal 
effectiveness for submicron lines. It only detects defects which severely 
alter the metal surface and cannot detect defects beneath cap-metal layers. 
SEM requires costly, destructive, operator-intensive stripping of 
passivation and cap layers. Even when a backscatter mode is employed, SEM 
analysis typically can detect voids in the interior of metal lines to a 
depth of only 2 kA to 4 kA. 
On the other hand, high-resolution, thermal wave imaging allows 
real-time, submicron resolution of these subsurface defects without the 
need to strip passivation or cap metal layers. 
Using thermal wave imaging techniques, we set out to obtain a better 
understanding of how thermal stress-induced defects can occur in aluminum 
metalization, and how they are affected by time and temperature. 
Figures 1 and 2 compare the same location on a wafer, using optical 
and thermal wave imaging, respectively. Figure 1 shows a set of patterned 
matalization lines, all of the same width (3 ~m wide), at the periphery of 
an integrated circuit. Note that no defects are visible. The lines are 
composed of approximately 1 ~m of passivation materials, a cap metal layer, 
an AI(Si) layer about 1 ~m thick and a barrier metal layer. They are all 
on a blanket layer of Si02 over the Si substrate. Ye chose an example 
employing a cap metal to clearly illustrate the detection of defects that 
are subsurface and not visible. By comparison, the thermal wave image in 
Fig. 2 clearly shows a number of bright objects. These are subsurface 
Fig. 1. Optical image of 3 ~m wide metalization bus lines showing no 
visible defects. Dark points are due to cap metal surface. 
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voids and notches in the AI(Si) material, as we later verified by a 
post-strip SEH image. A large number of small voids, associated primarily 
with the line edges and a few larger defects are also revealed. 
Previously, this sample had received an undisclosed amount of thermal 
stressing by the sample supplier. None of these defects are visible in the 
optical image (Fig. 1) due to the opaqueness of the cap metal. 
We next wanted to see how these defects would behave under thermal 
stress. We programmed the system to detect a mInImum defect size to be 
analyzed (0.25 ~m), the thermal wave signal threshold corresponding to a 
defect, and sample size information. 
The sample was heated for two hours at 411°C, and a second thermal 
wave image (Fig. 3) was taken of the same area as Fig. 2. Again, no layers 
were stripped. This cycle was repeated after 6 hrs and 10 hrs (Fig. 4) of 
accumulated time at 412°C. 
With this sequence of images, we found that the total number of voids 
decreased, but the average void size and total void area increased during 
temperature exposure. This behavior is consistent with Al atom migration 
to minimize the free energy (i.e., the total surface area of the voids) in 
the system. Since mass is conserved (there's no evaporation) in this 
experiment, diffusion and coalescence of the smaller voids to form larger 
voids is expected, consistent with published models!1]. 
Fig. 2. Nondestructive thermal wave image of metalization bus lines. The 
bright features indicate the location of 38 subsurface voids. 
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Fig. 5. Post-stripped SEM image confirming the thermal wave results shown 
in Fig. 4. 
Figure 5 shows a SEM micrograph made after the thermal-stress 
experiment was completed. The passivation and cap metal layers on top of 
the Al(Si) were stripped away to allow conventional SEM imaging. A 
one-to-one comparison between the nondestructive thermal wave imaging and 
the SEM post-strip image confirms the accuracy of the data. 
Of particular interest is defect number 14 in Fig. 4 which corresponds 
to the bright void in the lower central portion of the SEM image in Fig. 5. 
The photo verifies that this rapidly growing defect crossed the entire 
width of a line and extended over some of its area, apparently down to the 
barrier layer. This defect began as a cluster of five defects (numbers 18, 
19, 24, 26 and 27 in Fig. 2). After two hours at 412°C these voids 
combined into two defects (numbers 10 and 12 in Fig. 3), and retained this 
configuration (numbers 11 and 14 in Fig. 4) as they grew larger during the 
total ten hours of thermal stressing. 
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